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Our understanding of phosphorus (P) dynamics in the deep subseafloor environment
remains limited. Here we investigate potential microbial P uptake mechanisms in
oligotrophic marine sediments beneath the North Atlantic Gyre and their effects on the
relative distribution of organic P compounds as a function of burial depth and changing
redox conditions. We use metagenomic analyses to determine the presence of microbial
functional genes pertaining to P uptake and metabolism, and solution 31P nuclear
magnetic resonance spectroscopy (31P NMR) to characterize and quantify
P substrates. Phosphorus compounds or compound classes identified with 31P NMR
include inorganic P compounds (orthophosphate, pyrophosphate, polyphosphate),
phosphonates, orthophosphate monoesters (including inositol hexakisphosphate
stereoisomers) and orthophosphate diesters (including DNA and phospholipid
degradation products). Some of the genes identified include genes related to
phosphate transport, phosphonate and polyphosphate metabolism, as well as
phosphite uptake. Our findings suggest that the deep sedimentary biosphere may have
adapted to take advantage of a wide array of P substrates and could play a role in the
gradual breakdown of inositol and sugar phosphates, as well as reduced P compounds
and polyphosphates.

Keywords: Marine Sediments, P-NMR, deep biosphere, P substrate, metagenome
1 INTRODUCTION

Phosphorus (P) is a key macronutrient for life involved in the structure of nucleic acids in the form
of a phosphate–ester backbone, and in the transmission of chemical energy in the form of adenosine
triphosphate (ATP). Phosphorus is also a structural constituent in many cell components such as
phosphoproteins, and phospholipids in cell membranes. In addition, P is involved in many cellular
processes through the mechanism of phosphorylation, which alters the function and activity of
in.org June 2022 | Volume 9 | Article 9075271
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proteins. Hence, P plays an important role in sustaining
microbial life in the deep subseafloor environment. This
environment is estimated to comprise as many prokaryotic
cells as the marine water column and soils, and includes
significant prokaryotic populations at depths greater than two
kilometers (Roussel et al., 2008; Kallmeyer et al., 2012; Inagaki
et al., 2015). Estimates based on cell counts from both ocean
margins and oligotrophic ocean gyres sediments suggest that the
deep sedimentary subseafloor biosphere could contain 0.18-3.6%
of Earth’s total biomass and an equal amount of microbial cells as
the marine water column (Kallmeyer et al., 2012). The existence
and activity of deep subseafloor sediment microbial populations
are likely to have profound implications on global
biogeochemical cycles and our understanding of the limits of
life. However, there is a substantial knowledge gap regarding the
nature of P compounds sustaining life in oligotrophic open
ocean sediments, and how microbial activity impacts the
relative distribution of P compounds in general, especially
organic P compounds, in marine sediments. Furthermore, little
is known about the impact of the deep biosphere on sedimentary
P cycling and P diagenetic processes. This is largely because of
analytical difficulties associated with studying P cycling,
particularly organic P, in deep ocean sediments that contain
low concentrations of organic matter (Ruttenberg, 2014).
Therefore, a better understanding of the mechanisms used by
deep subseafloor microbes to obtain this essential nutrient
is needed.

This study’s field site is located at North Pond, an
approximately 8 × 15 km sediment-filled basin located on the
western flank of the Mid-Atlantic ridge sampled during IODP
Expedition 336 (Expedition 336 Scientists, 2012a). Such
sediment ponds surrounded by high relief topography are
common to the western flank of the Mid-Atlantic Ridge, and
are thought to be representative of slow-spreading ridge flank
environments (Becker et al., 2001). Sediments at North Pond are
predominantly nannofossil ooze with layers of coarse
foraminiferal sand and occasional pebble-sized clasts of basalt,
serpentinite, gabbroic rocks, and bivalve debris (Expedition 336
Scientists, 2012a). Organic carbon and nitrogen contents in those
sediments are low (Ziebis et al., 2012), and organic P was
detected at low concentrations throughout the sediment
column using sequential sediment extractions (Defforey and
Paytan, 2015). In addition, oxygen penetrates deep in the
sediment column, and has a “C” shaped depth profile due to
oxygen fluxes from oxygenated seawater at the sediment-
seawater interface and oxygenated fluids in the underlying
basalt crust, with the middle portion of the cores being suboxic
to anoxic (Orcutt et al., 2013). Deep sea, carbon-depleted
sediments such as the ones sampled in this study represent
approximately 70% of the seafloor (Mewes et al., 2016).

In this study, we present metagenomic data from a sediment
sample collected at 59 m below seafloor (mbsf), as well as
solution 31P nuclear magnetic resonance spectroscopy (31P
NMR) data from two depths in the sediment column (3.2 and
56.7 mbsf). The combination of these data yields insights into
putative P uptake mechanisms and transformations of P
substrates by deep subseafloor microorganisms. This work also
Frontiers in Marine Science | www.frontiersin.org 2
improves our knowledge of the role deep subseafloor bacteria
play in P cycling and our understanding of the chemical
composition of organic P in organic-lean oligotrophic sediments.
2 MATERIALS AND METHODS

2.1 Sample Collection and Storage
The sediment samples used in this study were collected from Site
U1382 (Hole U1382B) at North Pond using the advanced piston
corer during IODP Expedition 336 in October-November 2011
(Figure 1). Site U1382 is located in the southeastern part of
North Pond, where sediments are approximately 90 m thick
(Expedition 336 Scientists, 2012b). The samples used for this
study were U1382B 1H-3, from the oxic portion of the sediment
column [average depth 3.2 mbsf, 30 mM dissolved oxygen (DO)]
and U1382B 7H-5 (average depths 56.7 mbsf, 1 mM DO; Orcutt
et al., 2013). Samples from both depths were used for 31P NMR
spectroscopy, while sample U1382B 7H-5 from the suboxic part
of the sediment column was used for metagenomic analyses due
to problems with the shallow sample during sequencing.
Fluorescent microspheres (Fluoresbrite Carboxylate
Microspheres; Polysciences, Inc., 15700) were used in every
recovered core to monitor any potential contamination
(Expedition 336 Scientists, 2012a). Upon recovery, whole-
round sediment cores including the sample used here for
metagenomic analyses were sectioned on the catwalk, capped
FIGURE 1 | Location of the North Pond field site, located beneath the North
Atlantic Gyre. The color scales indicate water depth for each site in meters
below sea level (mbsl). Contour line intervals are 100 m for North Pond and
the location of Site U1382 is indicated with a white dote. Map created using
the default Global Multi-Resolution Topography Synthesis basemap (Ryan
et al., 2009) in GeoMapApp version 3.6.0 (http://www.geomapapp.org).
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and stored at –80°C in sterile bags (Expedition 336 Scientists,
2012c). The sediment samples used for 31P NMR analyses were
squeezed-cakes stored at –80°C after porewater collection
immediately following core retrieval.

2.2 DNA Extraction and Sequencing
2.2.1 DNA Extraction
The method described in Mills et al. (2012) as modified by B. Kiel
Reese for nucleic acids in low biomass open ocean sediments (Kiel
Reese et al., 2018) was used to extract DNA. The interior of the
whole-round core for sample U1382B 7H-5 was subsampled using
sterile techniques and was divided into 25 splits, each weighing ~0.5
g. Initial cell lysis was achieved using five cycles of freeze (liquid
nitrogen), thaw (55°C water bath) and vortex steps while stabilizing
nucleic acids in a Tris–EDTA–glucose buffer. This step was followed
by the addition of lysozyme to the buffer and incubation at 30°C for
10 minutes. Samples were then treated twice with buffered phenol,
chloroform and isoamyl alcohol (25:24:1; pH 8.0), and sodium
dodecyl sulfate to dissolve the cell membrane and solubilize both
high and low molecular weight proteins. Nucleic acids within the
aqueous layer above the phenol–chloroform layer were then
precipitated in an ethanol and sodium acetate solution. The
ethanol solution was decanted following centrifugation of samples
at 4°C. Lastly, DNA pellets were resuspended in sterile water,
combined into one sample. We quantified the DNA content
using a Quibit fluorometer (Thermo Scientific, Waltham, MA,
USA) and assessed its quality on a NanoDrop 1000
Spectrophotometer (Thermo Scientific, Waltham, MA, USA)
prior to sequencing at the Marine Biological Laboratory Keck
facility (Woods Hole, MA, USA). Extraction blanks were included
with each sample extraction and yielded no measurable DNA on
NanoDrop or Qubit, or observable DNA following PCR and
gel electrophoresis.

2.2.2 Sequencing
Metagenome library construction and sequencing was
performed through the Deep Carbon Observatory’s Census of
Deep Life program on an Illumina HiSeq platform. The
metagenome sequences can be accessed through the Marine
Biological Lab’s Visualization and Analysis of Microbial
Population Structures database (Huse et al., 2014).

2.3 Bioinformatic Analyses
Raw reads were quality controlled using cutadapt (-e 0.08 –
overlap=3; v1.7.1) and Trimmomatic (SLIDINGWINDOW:10:28
MINLEN:75; v0.33). The QCed sequences were searched for SSU
rRNA fragments using Meta-RNA (v.H3). SSU rRNA fragments
were assembled using EMIRGE (v.1.3) utilizing SILVA SSU as the
reference database using the SINA web portal aligner (Ludwig et al.,
2004; Capella-Gutiérrez et al., 2009; Pruesse et al., 2012). For sample
U1382B 7H-5, 23 full-length SSU rRNAs were reconstructed.
Taxonomy was assigned to these assemblies using the mothur
(v.1.3.7) commands align.seqs and classify.seqs and SILVA SSU as
the reference database. The quality-checked (QCed) sequence
library was aligned to its assembled SSU rRNAs using Bowtie2
(v2.2.5). Based on the total number of QCed sequences that aligned
to the SSU rRNAs, a length-normalized relative abundance value
Frontiers in Marine Science | www.frontiersin.org 3
was determined. Results showed that the sample contained some
degree of human-related contamination, both from human DNA
(~2%) and human microbiome DNA (~6.7%). In order to verify
that the functional genes related to P metabolism were not from
human microbiome DNA sequences, we constructed a 16S rRNA
gene phylogenetic tree from the metagenome to help determine the
origin of microbial taxa (see methods below; Supplementary
Figure 1). Those most closely related to environmental taxa were
considered valid, while those similar to known contaminants, such
as common components of the human skin microbiome,
were considered contaminants. We also excluded any sequences
from the known human microbiome (Propionobacterium,
Microbacteriaceae), as well as sequences without high-level
taxonomic assignment from the Proteobacteria (that could
include Enterobacteriaceae). The QCed sequence library was
assembled using IDBA-UD (v.1.1.1), but the overall quality of
these assemblies was low (contigs: 49614 n 50: 467 max: 48419
mean: 461). A second round of assembly using all of the contigs
from the IDBA-UD output was performed using the Geneious De
Novo assembler (v.6.3.8; Kearse et al., 2012). This step generated a
total of approximately 130 contigs >2.5kb in length. This number
was too small for genome binning analysis. To identify genes within
the assembled dataset related to P metabolism, all putative coding
DNA sequences (CDSs) were determined using Prodigal (v2.6.3),
using the metagenome option (-p meta). The identified CDS were
compared to the FOAM KEGG database (Prestat et al., 2014) using
hmmsearch (Eddy, 2011; v3.1b2; parameters, –cut_tc –notextw)
and P-related KO matches were extracted from the output.
Additionally, a collection of proteins related to P metabolism
collected from UniProtKB were compared to the predicted CDSs
using BLASTP (Camacho et al., 2009; v 2.2.30+, parameters, e-value
of 1×10-20, max_target_seqs 1).

2.4 16S rRNA Phylogenetic Tree
Full-length 16S rRNA gene sequences were generated using
EMIRGE (as described above) and were greater than 1,000 bp
in length, with the exception of ID 973 due to poor resolution
within the sequence. The sequences were aligned to the SILVA
SSU reference database using the SINA web portal aligner
(https://www.arb-silva.de/aligner/; Ludwig et al., 2004; Capella-
Gutiérrez et al., 2009; Pruesse et al., 2012). These alignments
were loaded in to ARB (v6.0.3), manually assessed and added to
the non-redundant 16S rRNA gene database (SSURef123 NR99)
using ARB Parsimony (Quick) tool (parameters: default). We
identified a selection of the nearest neighbors to the sediment
metagenome sequences to be used to construct a 16S rRNA gene
phylogenetic tree. We also identified additional sequences related
to the environmental 16S rRNA gene using a BLAST search
against the NCBI RefSeq and non-redundant databases.
Environment and reference 16S rRNA gene sequences were
aligned using MUSCLE (v3.8.31; parameters: -maxiters 8),
processed by the automated trimming program trimAL
(v1.2rev59; parameters: -automated1), and aligned for a second
time using MUSCLE (parameters: -maxiters 8). The alignment
was used to construct an approximate maximum-likelihood
phylogenetic tree using FastTree (v2.1.3; parameters: -nt -gtr –
gamma; Price et al., 2010).
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2.5 Solution 31P NMR Extraction
2.5.1 Sample Extraction
Two sediment samples, U1382B 1H-3 (3.2 mbsf) and 7H-5 (56.7
mbsf), were processed following the method described in
Defforey et al. (2017). This method quantitatively removes
orthophosphate prior to the alkaline extraction for solution 31P
NMR to amplify the signal of low-abundance P compounds,
including organic P, relative to that of orthophosphate so that
these P forms in oligotrophic sediments may be resolved without
the need for extremely long (>24 h) NMR experiments. Briefly,
each freeze-dried, ground and sieved sample (<125 mm) was
divided into eight splits (1.5 g each). Sample splits were extracted
in a citrate–dithionite–bicarbonate buffer to solubilize P bound
to iron (Fe) oxyhydroxides (8 h; pH 7.6), after which the
sediment residues were washed with ultrapure water (18.2
MW·cm deionized water; 2 h). The sediment residues were
then extracted in a sodium acetate buffer (6 h; pH 4.0) to
solubilize P bound to carbonate fluorapatite, and washed with
ultrapure twice (2 h each). After this step, the 8 splits for each
sample were combined and extracted in 0.25 M NaOH + 0.05 M
Na2EDTA for 6 h and then centrifuged. Sediment residues were
ashed at 550°C and extracted in 0.5 M sulfuric acid (16 h) to
determine residual P content, and the NaOH-EDTA extracts
were frozen and lyophilized. Prior to solution 31P NMR analysis,
lyophilized extracts were redissolved in 500 mL D2O, H2O,
NaOH–EDTA and 10 M NaOH.
2.5.2 Solution 31P NMR Analysis and
Post-Experimental Processing
Spectra were acquired immediately following sample preparation
on a Varian Unity INOVA 600 MHz spectrometer equipped
with a 10 mm broadband probe [operated by the Stanford
Magnetic Resonance Laboratory at Stanford University]. The
analytical parameters used were: 20°C, 90° pulse, 0.48 s
acquisition time, 4.52 s delay time, 5600 scans (8 h
experiments), no spin and an external H3PO4 standard. No
proton decoupling was used out of concern for sample
degradation (Cade-Menun and Liu, 2014). We used the ratio
of P concentration to Fe plus manganese (Mn) concentrations
(P/Fe+Mn) as a proxy to estimate spin-lattice relaxation times
(T1) to ensure adequate delays between pulses and thus
quantitative spectra (McDowell et al., 2006; Cade-Menun and
Liu, 2014). We used 5 s recycle delays, which correspond to three
to five times the calculated T1 values. Peak identification was
based on spiking with known compounds (a- and b-
glycerophosphate) and on literature values (Cade-Menun,
2015). Monoester 1 refers to unidentified orthophosphate
monoesters located between 7.5–6.1 ppm, while monoesters 2
and 3 include peaks between 5.7–3.5 ppm and 3.5–2.5 ppm
respectively (Cade-Menun, 2017). We processed 31P NMR data
using the NMRUtility Transform software (NUTS, Acorn NMR)
and calculated peak areas by integration of spectra processed
with a 7 Hz line broadening for the full spectrum and 2 Hz line
broadening for the monoester region following baseline
correction, peak picking and phasing.
Frontiers in Marine Science | www.frontiersin.org 4
2.5.3 Supernatant P Analyses
We measured total P concentrations in sediment extracts
using inductively coupled plasma optical emission spectroscopy
(ICP-OES) [Perkin-Elmer Optima 4300 DV Inductively Coupled
Plasma Optical Emission Spectrometer operated by the University
of California, Santa Cruz]. Standards were prepared with the same
solutions as those used for the extraction procedure and ranged
from 0 – 320 mM P. The detection limit for P on this instrument
for both wavelengths is 0.4 mM. We measured molybdate reactive
P concentrations (MRP, which includes primarily free
orthophosphate) on a QuikChem 8000 automated ion analyzer.
Standards were prepared with the same solutions used for the
extraction step to minimizematrix effects on Pmeasurements, and
ranged from 0 – 30 mM P. The detection limit for P on this
instrument is 0.2 mM. We derived molybdate unreactive P
concentrations (MUP, which includes primarily organic P and
polyphosphates) by subtracting MRP from total P concentrations.
3 RESULTS AND DISCUSSION

3.1 Bioinformatics Data
A target subset of P-related genes was identified in sample U1382B
7H-5 (59.1 mbsf), consisting of 23 genes of interest including
phosphate utilization (transport, pstABS ; metabolism,
phoABDEHR), phosphonate utilization (transport and
metabolism; phnACDGJ), phosphite utilization (ptxABCD),
glycerol 3-phosphate transport (ugpBC), polyphosphate
metabolism (ppKX), and phosphatase activity (appAB; Table 1;
Supplementary Table 1). This set of genes was split into two
groups. Genes in group 1 (pstABS, ppX, ugpBC, ptxA, phoDR)
were present in the FOAM database (accessed April 2016), a
curated set of hidden Markov models (HMMs) generated using
the KEGG ontology database that could be used to search
conserved motifs within the environmental sequences. For
FOAM searchable genes of interest (group 1), environmental
sequences (excluding phoR and upgC) were searched using
hmmsearch (v3.1b2; parameters, –cut_tc –notextw) with a bit
score cutoff of 72 (approximately equivalent to an e-value of
1×10-20). Gene sequences for phoR and upgC represented protein
subunits with generally highly conserved regions: sensor histidine
kinases and ATP-binding motifs for ABC-type transporters,
respectively. As such, these matches could not be trusted at the
same cutoff enforced for the other genes within group 1, and amore
stringent cutoff of 105 bit score (approximate e-value equivalent
1×10-50) was used. The results from the FOAM database identified
the presence of ppX (exopolyphosphatase) and pstAB, the ATP-
binding and permease subunits of the phosphate ABC-type
transporter system. However, the crucial pstS, solute-binding
subunit, was not identified. Furthermore, even with the more
stringent cutoff values, 23 and 38 copies of upgC and phoR were
identified. This large number suggests that even at this cutoff value,
a more diverse group of these gene families was identified. The
remaining set of genes of interest (group 2), including ptxABCD,
ppK, phoABED and phnACD were used to search the remaining
putative CDS using BLASTP (v 2.2.30+, parameters, e-value of
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1×10-20, max_target_seqs 1). A total of 187 matches to the
environmental sequences were identified. However, the
problematic nature of the conserved region within the ATP-
binding subunit of the ABC-type transporters resulted in 107
matches to environmental sequences. These were deemed
uninformative and were excluded from further analysis. Matches
were identified for appAB, phoD, phnADGJ, ptxCD, ppK. A large
portion of the BLAST matches (after ATP-binding subunits)
belonged to phoB (n = 37), a phosphate regulon response
regulator, but this protein family is diverse and multiple types of
regulon genes may be identified in this manner. Lastly, for each of
the genes identified as related to P uptake and metabolism (both
FOAM and BLAST databases), a putative taxonomy was assigned.
Putative P-related environmental genes were queried using
BLASTP (parameters, e-value 1×10-5, -max_target_seqs 5 -outfmt
5) against the GenBank RefSeq (v75) database. The MEGAN (v4)
Last Common Ancestor (LCA) algorithm was used to assign a
putative taxonomy based on the top five BLASTmatches (Table 1).
Most P related gene sequences belonged to Alphaproteobacteria, or
to a combination of Alphaproteobacteria, Betaproteobacteria,
Actinobacteria and unclassified microorganisms (Table 1). The
Frontiers in Marine Science | www.frontiersin.org 5
presence of these microorganisms is further confirmed by 16S
rRNA sequence data. The metagenomic analyses performed in this
study only yield information regarding the presence of functional
genes pertaining to P metabolism, and these may represent DNA
from active and inactive or dormant microorganisms. Indeed, most
phylogenetic groups identified in North Pond sediments have been
shown to be inactive (Kiel Reese et al., 2018). However, active
Alphaproteobacteria (mainly from the Caulobacteraceae family and
Brevundimonas genus) have been found throughout the sediment
column at Hole U1382B, as well as some active Betaproteobacteria
(Achromobacter genus) and Gammaproteobacteria (Pseudomonas
genus, and the genera Stentrophomonas and Methylophaga; Kiel
Reese et al., 2018). This suggests that the functional genes reported
in our study are present at depths where microorganisms are active
and utilizing P and may thus be impacting sedimentary organic
matter remineralization through their metabolic activity.

3.2 P NMR Data
Solution 31P NMR spectra for both samples are shown in
Figure 2 and Supplemental Figure 2, and chemical shifts of
peaks for compounds and compound classes are shown in
TABLE 1 | Genes related to P uptake and metabolism identified using metagenomic analyses of sample U1382B 7H-5 (59.1 mbsf).

Gene Gene name Taxonomy (MEGAN/RefSeq)

ppX Exopolyphosphatase Alphaproteobacteria; Caulobacter, Sphingomonas
ppK Polyphosphate kinase Alphaproteobacteria; Bradyrhizobium, Caulobacter, Rhizobiales

Actinobacteria; Blastococcus, Curtobacterium
ptxC Phosphite transport system permease Alphaproteobacteria; Caulobacter

Alphaproteobacteria; Bradyrhizobium
Alphaproteobacteria; Methylobacterium

ptxD NAD-dependent phosphite dehydrogenase Alphaproteobacteria; Bradyrhizobium, Caulobacter
Unclassified

phnA Phosphonoacetate hydrolase Alphaproteobacteria; Rhizobiales, Sphingomonas
Actinobacteria; Actinomycetales
Unclassified

phnD Phosphonate-binding periplasmic protein Alphaproteobacteria; Caulobacter
phnJ C-P lyase Alphaproteobacteria; Bradyrhizobium, Rhizobiales
phnG a-D-ribose 1-methylphosphonate 5-triphosphate

synthase subunit
Alphaproteobacteria; Bradyrhizobium
Alphaproteobacteria; Rhizobiales

appA Phytase; acid phosphatase Alphaproteobacteria; Bradyrhizobium, Rhizobiales
Actinobacteria; Blastococcus

appB Alkaline phosphatase Alphaproteobacteria; Bradyrhizobium
Actinobacteria; Curtobacterium

pstA Phosphate transport system permease Alphaproteobacteria; Bradyrhizobium, Caulobacter
Unclassified

pstB Phosphate transport system ATP-binding protein Alphaproteobacteria
phoB Phosphate regulon response regulator Alphaproteobacteria; Asticcacaulis, Bradyrhizobium, Caulobacter, Rhizobiales, Rhodopseudomonas,

Sphingomonas
Betaproteobacteria; Burkholderiales
Actinobacteria; Blastococcus, Geodermatophilaceae, Modestobacter
Bacterodoites
Unclassified

phoD ABC transporter periplasmic solute-binding protein Alphaproteobacteria; Bradyrhizobium
phoR Phosphate regulon sensor histidine kinase Alphaproteobacteria; Bradyrhizobium, Caulobacter, Phenylobacterium, Sphingomonas

Betaproteobacteria; Burkholderia
Actinobacteria; Modestobacter
Unclassified

ugpC sn-glycerol 3-phosphate transport system ATP-binding
protein

Alphaproteobacteria; Belnapia, Bosea, Bradyrhizobium, Caulobacter, Rhizobiales, Rhizobium
Actinobacteria; Geodermatophilaceae, Modestobacter
Unclassified
Additional information on the gene IDs can be found in Supplementary Table 1.
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Supplementary Table 2. The 2–step pretreatment preceding the
alkaline extraction removed 95% of orthophosphate in sample
U1382B 1H-3, and 98% in sample U1382B 7H-5 with no
measurable MUP removal (Table 2; Figure 3). For both
samples, the 5-s recycle delays were long enough to produce
quantitative spectra (Table 3). Metal content was similar in both
NMR extracts, but P content was lower for the deeper sample
(Table 3). The shallower, oxic sample (U1382B 1H-3, 3.2 mbsf, 30
mM DO) contained a wider variety of P compounds than the
deeper, suboxic sample (U1382B 7H-5, 56.7 mbsf, ~1 mM DO),
and a greater concentration of Organic P detected in NMR spectra
Frontiers in Marine Science | www.frontiersin.org 6
(Table 4). The most abundant P compounds in both samples
identified using solution 31P NMR after the 2–step pretreatment
were inorganic orthophosphate, pyrophosphate and
polyphosphates (Table 4; Figure 2). Polyphosphates are chains
of phosphates linked by anhydrous bonds; pyrophosphates are
polyphosphates with only two phosphate groups. Both
polyphosphates and pyrophosphates can be associated with
living organisms, and can be inorganic or organic; ATP is
an example of an organic polyphosphate (Heinonen, 2001;
Condron et al., 2005). Pyrophosphate and polyphosphates have
been identified by solution 31P NMR in culture-grown algae
FIGURE 2 | Solution 31P NMR spectrum of sample U1382B 1H-3 (3.2 mbsf, top), and U1382B 7H-5 (56.7 mbsf, bottom). Spectra were processed with 7 Hz
line-broadening, and are plotted with the orthophosphate peak at the same height. See Supplementary Figure 2 for more details of the orthophosphate
monoester region.
TABLE 2 | Extraction yields for each step. Pred refers to P solubilized during the reductive step (step 1), PCFA refers to P released during the sodium acetate step (step 2).

Sample ID Average depth
(mbsf)

Porewater
MRP (mM)a

Pred

(mmol/
g)

PCFA

(mmol/
g)

NMR extract TP
(mmol g-1)

Residual P
(mmol g-1)

Extracted P
(%)

U1382B 1H–3 3.2 1.79 9.82 3.88 0.31 0.36 97.5
U1382B 7H–5 56.7 1.35 8.87 3.49 0.13 0.17 98.7
June 2
022 | Volume 9 | A
Porewater MRP concentrations are from (Expedition 336 Scientists, 2012d). NMR extract TP corresponds to the total P content in the alkaline extracts (step 3). Extracted P is the fraction of
P that was extracted in steps 1-3.
aExpedition 336 scientists [2012].
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(Cade-Menun and Paytan, 2010) in estuary and river sediments
(Shan et al., 2016;Watson et al., 2018), and inmarine sediments by
solid-state and solution 31P NMR (Sannigrahi and Ingall, 2005;
Prüter et al., 2020). We also measured small amounts of organic P
compounds, including phosphonates (reduced organic P
compounds with a direct C–P bond), and orthophosphate
monoesters and diesters (Table 4; Figure 2). Orthophosphate
monoesters were the most abundant forms of organic P in both
samples, which is consistent with numerous studies that have
shown them to generally be the dominant group of organic P
compounds in both marine and terrestrial environments (Ingall
et al., 1990; Carman et al., 2000; Paytan et al., 2003; Sannigrahi
and Ingall, 2005; Turner et al., 2005; Shan et al., 2016; Watson
et al., 2018; Prüter et al., 2020). In the shallower sample, we were
able to resolve individual peaks in the orthophosphate monoester
region and identify a number of different monoester compounds
(Table 4). Among them, the most abundant monoester
compounds identified were the inositol hexakisphosphate (IHP)
Frontiers in Marine Science | www.frontiersin.org 7
stereoisomers myo- and scyllo-IHP. Inositol phosphates form the
dominant class of organic P compounds in soils, and are abundant
in aquatic systems (Turner et al., 2002). Of all IHP stereoisomers,
myo-IHP is the most abundant, but scyllo-, D-chiro- and neo-IHP
have also been measured in soils and marine sediments (White
and Miller, 1976; Turner et al., 2012). Peaks consistent with D-
chiro- and neo-IHP were detected in the Monoester 1 region of
these spectra (Supplementary Table 1), but were not specifically
identified due to uncertainties about peak identification and low
concentrations. Peaks for a- and b–glycerophosphate were
also identified in the spectrum of the shallower sample.
Although these are included with orthophosphate monoesters,
they are artifacts from degradation during extraction and analysis,
from phospholipids in the original samples, which are
orthophosphate diesters (Cade-Menun, 2015). As such, they
were included in the calculation for total orthophosphate
diesters rather than total orthophosphate monoesters (Table 4).
Peaks for DNA were identified in the orthophosphate diester
region of spectra for both depths (Table 4). Other peaks in the
orthophosphate diester region are consistent with phospholipids
(Supplementary Table 2; Cade-Menun, 2015), but were not
specifically identified.

3.3 Combining Metagenomic and
P NMR Data
The combined use of metagenomic analyses and solution 31P NMR
spectroscopy yields valuable information regarding P cycling by
deep sedimentary subseafloor microorganisms, as well as microbial
P uptake mechanisms. While we do not have a metagenome for the
shallower sediments at Hole U1382B, the decrease in abundance of
organic and biogenic P compounds (Table 4) suggests that deep
sedimentary subseafloor microorganisms are utilizing those
compounds as a P source, and possibly as an organic C source in
this C-depleted environment (Heath, 2005; Ziebis et al., 2012).
Decreases in organic P may also scale with a decrease in cell density;
further research is warranted.

In the shallow sample,myo-IHP can adsorb on the same sites of
Fe and aluminum (Al) oxides as phosphate anions since adsorption
occurs through the phosphate groups via ligand exchange with
surrounding porewater and hydroxide groups on mineral surfaces
(Goldberg and Sposito, 1985; Baldwin et al., 2002; Celi and Barberis,
2005; Gérard, 2016). Little is known regarding possible differences in
the behavior of other stereoisomeric forms of IHP, but they may
adsorb on oxide surfaces in a similar manner as myo-IHP. Once
sorbed on short-range ordered Al precipitates, myo-IHP and other
P compounds, including sugar phosphates such as glucose 6-
phosphate have been shown to be poorly available to
microorganisms (Shang et al., 1996), which would allow them to
FIGURE 3 | Mean molybdate-reactive P (MRP) and total P content in
pretreatment extracts from steps 1 (Pred, citrate–dithionite–bicarbonate and
water extracts) and 2 (PCFA, sodium acetate and water extracts), along with
standard deviations derived from replicate sediment sample splits. Total P
concentrations were measured on an ICP-OES, while MRP concentrations
were measured colorimetrically on a QuikChem 8000 automated ion analyzer.
TABLE 3 | Aluminum, calcium, iron, potassium, magnesium, manganese and phosphorus content in 31P NMR extracts.

Sample ID Depth (mbsf) Al Ca Fe K Mg Mn P P/(Fe+Mn) Calculated T1 (s)
mmol g-1

U1382B 1H–3 3.2 1.16 8.86 0.03 0.03 1.05 0.02 0.31 3.01 1.17
U1382B 7H–5 56.7 0.68 8.86 0.02 0.02 0.33 0.01 0.13 2.00 0.89
Ju
ne 2022 | Volume
T1 values are derived from P to iron and manganese ratios (w/v) using the relationship derived by McDowell et al. (2006).
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persist at depth in marine sediments. However, surface properties of
oxides are modified when associated with other minerals such as
clay minerals, which affect their interactions with organic P andmay
weaken the complex formed with oxides (Celi et al., 2003), thus
increasing their bioavailability. In addition to sorption on Fe and Al
oxides, myo-IHP can form soluble complexes with calcium in
calcareous sediments, which may enhance the interactions
between myo-IHP and calcium-bearing minerals and further
stabilize it (Celi and Barberis, 2005). The bioavailability of organic
P compounds is primarily dependent on the stability of the
phosphate surface complexes rather than by the total amount of
phosphate adsorbed (Shang et al., 1996). Varying redox conditions
have been shown to strongly regulate IHP remineralization, and
lead to enhanced IHP decomposition under anaerobic conditions
(Suzumura and Kamatani, 1995), and the presence of the appA
gene, associated with phytase (Liu et al., 2018) is consistent with
mineralization of IHP compounds. The observed decrease in
orthophosphate monoester abundance with depth was also
reported by Prüter et al. (2020) for sediments of the Baltic Sea,
who also reported a decrease in orthophosphate monoesters with
distance from the coast. These decreases could be due to decreases
in cell density, or to an increase in bioavailability of those
compounds resulting from the transition to suboxic conditions in
the middle parts of the sediment column (Zhang et al., 1994;
Table 4, Figure 2). Indeed, bacteria at this depth possess genes
encoding for phosphomonoesterases, (appA, appB, phoD;
Vershinina and Znamenskaya, 2002) and could utilize those
deeply buried P compounds as they become more susceptible to
enzymatic hydrolysis.

Orthophosphate diesters were also present at both depths as
DNA in both samples, phospholipid degradation products in the
shallow sample, and other diesters in both samples (Table 4,
Figure 2). These compounds may originate from living
organisms, and DNA may also be retained by sorption. The
Frontiers in Marine Science | www.frontiersin.org 8
sorption of nucleic acids on mineral surfaces is affected by the
molecular weight of DNA, the presence of montmorillonite, pH
and redox conditions (Greaves and Wilson, 1969; Celi and
Barberis, 2005; Condron et al., 2005). The complexed nucleic
acid forms with montmorillonite are weaker than those with
myo-IHP due to the presence of a single hydroxide group
available for ligand exchange (Greaves and Wilson, 1969). This
makes nucleic acids more vulnerable to microbial enzymatic
hydrolysis (Greaves and Wilson, 1970). The decrease in
orthophosphate diester abundance with depth and the
presence of genes such as phoD and ugpC suggest putative
mechanisms for the uptake of orthophosphate diesters (phoD)
and glycerophosphoryl diesters (ugpC) at Site U1382 (Wanner,
1993; Vershinina and Znamenskaya, 2002).

Other potential sources of P, and possibly C, to the deep
biosphere are phosphonates, which we measured both in shallow
and deeper sediments (Table 4, Figure 2). While previously
thought to be refractory, these compounds have been shown
to be as bioavailable as phosphate esters, especially under
anoxic conditions (Benitez-Nelson et al., 2004) and represent a
potential source of both P and organic C to the deep biosphere
(Sosa et al., 2019). Indeed, a number of genes pertaining
to phosphonate utilization were identified in our sample: phnA
(phosphonoacetate hydrolase), phnD (phosphonate-binding
periplasmic protein), phnJ (component of C-P lyase complex)
and phnG (component of C-P lyase complex; Table 1). The
comparable phosphonate abundance (6.51 and 6.76 nmol g-1 at
both depths), the high ester to phosphonate ratios that decrease
with depth, the presence of genes related to phosphonate
utilization and redox conditions shown to enhance phosphonate
remineralization (i.e., reducing conditions) suggest that
phosphonates represent a likely substrate for deep subseafloor
microorganisms at that depth in the sediment column. This is
consistent with the results of Sosa et al. (2019) showing that C-P
TABLE 4 | Phosphorus compounds or compound classes identified from 31P NMR spectral analyses of samples U1382B 1H-3 (3.2 mbsf) and 7H-5 (56.7 mbsf).

P Compounds or Compound Classes U1382B 1H-3 (nmol g-1) % of sample TP U1382B 7H-5 (nmol g-1) % of sample TP

Total NMR Inorganic P 238.4 1.62 110.4 0.86
Orthophosphate 149 1.01 60.3 0.47
Pyrophosphate 75.6 0.51 37.4 0.29
Polyphosphates 14.0 0.09 12.6 0.10

Total NMR Organic P 71.6 0.49 19.6 0.15
Phosphonates 6.51 0.04 6.76 0.05

Total Orthophosphate Monoesters 51.8a 0.35a 10.9a 0.09a

a-glycerophosphate
b-glycerophosphate

1.55 0.01 – –

3.10 0.02 – –

scyllo-IHPb 3.10 0.02 – –

myo-IHP (phytate)b 9.30 0.06 – –

Monoester1 9.30 0.06 2.73 0.02
Monoester 2 27.0 0.18 6.37 0.05
Monoester 3 3.10 0.02 1.82 0.01

Total Orthophosphate Diesters 17.1a 0.12a 8.32a 0.06a

DNA 2.89 0.02 0.39 <0.01
Other diesters 5.89 0.04 1.56 0.01

Ester : Phosphonate ratioc 10.0 1.90
June 2022 | Volume
The percentage values reported are relative to total sample P, including P removed during the 2–step pretreatment, and residual P.
aCorrected for diester degradation products (a- and b-glycerophosphate) that appear in the monoester region in P-NMR spectra.
bIHP, inositol hexaphosphate.
cRatio of (total orthophosphate monoesters + total orthophosphate diesters) to phosphonates.
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lyase was more prevalent in ocean regions featuring sustained
periods of phosphate depletion.

Small amounts of polyphosphates were measured in both
spectra, and genes for exopolyphosphatase (ppX) were present in
the metagenome (Table 1, Figure 2). This enzyme catalyzes the
hydrolysis of the terminal phosphate group in polyphosphates
(Jones et al., 2016, p. 2). We also identified gene sequences for
polyphosphate kinase (ppK), which catalyzes the reversible
synthesis of polyphosphate from nucleoside triphosphates
(Jones et al., 2016). Polyphosphates are synthesized by all cells,
and play an important role in nutrient storage, regulatory
functions and metal chelation (Rao et al., 2009). They also play
a key role in nucleating the growth of authigenic carbonate
fluorapatite in marine sediments, which has profound
implications for reactive P burial (Diaz et al., 2008).

An unexpected result from the metagenomic analyses was the
presence of two genes related to phosphite metabolism: ptxC and
ptxD. Phosphite utilization genes have been identified in diverse
marine microorganisms, and their abundance is higher in marine
environments with low P (Martıńez et al., 2012). Furthermore, it
was shown that phosphite and phosphonate production in
surface waters could contribute to a global P redox cycle (Van
Mooy et al., 2015). While we did not measure phosphite in our
samples, and, to our knowledge, phosphite has not been
measured in open ocean sediments, the presence of reduced
organic P in the form of phosphonates and genes related to
phosphite utilization raises the possibility of this compound
potentially playing a role in P sediment cycling.
4 CONCLUSIONS

In this study, we presented a combination of metagenomics
analysis and solution 31P-NMR for studying putative P uptake
mechanisms and metabolism, as well as the distribution of organic
and biogenic P substrates in deep subseafloor sediments. We
demonstrated that diverse organic P compounds persist at depth
in sediments underlying oligotrophic marine settings, and that
changes in redox conditions may play an important role in
increasing their bioavailability. We identified a wide variety of
potential P sources to the deep biosphere, as well as putative
enzymatic pathways for P uptake and utilization. While this study
only provides potential P uptake mechanisms, it sets the stage for
future work to investigate the expression of functional genes
pertaining to P uptake and metabolism and raises interesting
questions about microbial transformations of sedimentary organic
and biogenic P.
Frontiers in Marine Science | www.frontiersin.org 9
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